Retinitis pnentsa (RP) 
photoreceptor cell death occurs by an apoptotic me sm in three mouse models of RP: retinal degeneration slow (rds) caused by a peripherin mutation, retinal degeneration ( In humans, mutations in any of several genes encoding photoreceptor-specific proteins have been shown to cause retinitis pigmentosa (RP), a disease characterized by loss of photoreceptor function and progressive degeneration of photoreceptor cells, eventually leading to blindness (1) . Muta- tions in the rhodopsin gene are found in m25% of patients with autosomal dominant RP (2-4); mutations in the gene encoding peripherin rds, an integral membrane protein that is likely to be involved in maintaining the structural integrity of the outer segment discs, are associated either with autosomal dominant RP (5, 6) or with a progressive macular degeneration (7, 8) ; finally, mutations in the gene encoding the (3 subunit of cGMP phosphodiesterase have recently been identified in patients with autosomal recessive RP (9) . Mouse models of RP include the spontaneous mutants rds (retinal degeneration slow; ref. 10) and rd (retinal degeneration; ref. 11) , in which photoreceptor cell death is triggered by null mutations in the genes encoding peripherin/RDS (12) and the P subunit of cGMP phosphodiesterase (13, 14) , respectively. More recently, transgenic mouse models of dominant RP have been constructed based on the observed human rhodopsin mutations (refs. 15 and 16; C.-H.S. and J.N., unpublished data). While defects in each of these genes would be expected to affect phototransduction and/or the structure of the outer segment, the pathway leading from the primary defect to photoreceptor cell death is presently unknown. One possibility is that the chemical alterations triggered by these mutations could cause cell death through a necrotic mechanism (i.e., toxic alterations ofcellular homeostasis and/or disruptions of plasma membrane integrity leading to cell lysis). It has been proposed, however, that RP and related retinal degenerations could occur through reactivation ofdevelopmental or physiological cell death mechanisms (17), a possibility also raised for other pathological neuronal degenerations such as amyotrophic lateral sclerosis and Alzheimer and Parkinson diseases (18) .
Cell death is a normal and necessary phenomenon during embryonic development in general (19, 20) and in the nervous system in particular (21) . Developmental cell death has been found to affect z50% ofthe cells that are generated in several neuronal populations that have been analyzed in detail, such as ciliary ganglion neurons, retinal ganglion cells, and spinal cord motor neurons (21) ; it occurs predominantly at the time of synaptogenesis between neurons and their postsynaptic targets. It is generally accepted that, as part of their differentiation, developing neurons acquire an intrinsic capacity to die, which is normally inhibited by neurotrphic and other factors (21) . Pathologic neuronal degenerations in the adult could therefore result from abnormalities in the mechanisms responsible for suppressing the expression of the intrinsic death program of the cells.
Recently, experimental tests of these hypotheses have become feasible due to the discovery that physiological cell death usually occurs through apoptosis, which can be distinguished experimentally from other forms of physiological cell death and from necrotic cell death (22, 23 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 91 (1994) 975 rds mice were gifts of R. G. Foster (University of Virginia), J. Bennett (University ofPennsylvania), and S. Sanyal (Erasmus University, Rotterdam). For construction of Q344ter rhodopsin transgenic mice, an 11-kb mouse genomic DNA fragment containing the rhodopsin gene was engineered to contain a stop codon in place of the Gln-344 codon (Q344ter), corresponding to a previously characterized human rhodopsin gene mutation (4) . Three independent lines of transgenic animals carrying the Q344ter rhodopsin gene were generated by standard techniques (26) . A detailed description of these transgenic animals will be reported elsewhere.
DNA Nick End Labeling by the TUNEL Method. Eyes were fixed overnight at 4TC in phosphate-buffered saline (PBS)
with 4% paraformaldehyde and embedded in paraffin. Fourmicrometer-thick microtome sections were mounted on slides pretreated with Vectabond (Vector Laboratories) and were subsequently deparaffinized by heating at 600C for 30 min and washing twice in xylene for a total of 10 min. The sections were then rehydrated through a graded series of alcohols and double distilled water (ddH2O). The TUNEL technique was carried out as described (25) with some modifications. Tissue sections were treated with proteinase K (20 pg/ml) in 10 mM Tris-HCI (pH 8.0) for 15 min at room temperature (RT) and washed four times for 2 min in ddH2O. Endogenous peroxidases were inactivated by incubating the sections for 5 min in 3% H202 at RT and then washing three times in ddH2O. Sections were preincubated for 10 min at RT in TdT buffer (30 mM Tris HC1, pH 7.2/140 mM sodium cacodylate/1 mM cobalt chloride), and incubated for 1 hr at 37°C with 25-50 j1 ofTdT buffer with 0.5 unit of TdT per p1 and 40 ,uM biotinylated 16-dUTP in a moist chamber. The reaction was stopped by transferring the sections to 2x SSC buffer (300 mM NaCl/30 mM sodium citrate) for 15 min at RT. The sections were washed for 5 min in PBS and blocked in 2% bovine serum albumin in PBS for 10 min at RT. After rinsing in ddH2O, the sections were again washed in PBS and incubated for 1 hr at 37°C in Vectastain ABC peroxidase standard solution (Vector Laboratories), rinsed twice in PBS, and stained for 30-60 min at RT using aminoethylcarbazole as a substrate. After the developing reaction was stopped with water, the sections were coverslipped in Aqua-Poly/Mount (Polysciences). Positive controls were incubated with DNase I (1 pg/ml) in TdT buffer for 10 min at RT before the incubation in biotinylated nucleotides. DNase, RNase, TdT, and biotin 16-dUTP were purchased from Boehringer Mannheim.
Quantitative Analysis. Four-micrometer-thick retinal sections that included the ora serrata and the optic nerve (27) were stained by TUNEL and used for quantitative analysis. The number of labeled cells per section in each nuclear layer was plotted for each time point, averaging the counts of four to eight sections. One-third of all the slides (80/232 slides) were scored by two investigators, with 4.5% average variability.
DNA Gel Electrophoresis. Retinas were dissected away from the retinal pigment epithelium and other ocular tissues in calcium/magnesium-free Hanks' balanced salt solution buffer at 4°C. Five to seven retinas were pooled together, homogenized gently in 2 ml of extraction buffer (0.1 mg of proteinase K per ml/100 mM NaCl/10 mM Tris HCl, pH 8.0/25 mM EDTA, pH 8.0/0.5% SDS), and incubated overnight at 50°C in the same extraction buffer. Samples were phenol/chloroform (1:1) extracted, and the DNA was ethanol precipitated and resuspended in TE buffer (10 mM Tris HCl/l mM EDTA, pH 8.0). The DNA was then treated with 100 pg of DNase-free RNase per ml (Boehringer Mannheim) for 1 hr at RT and incubated overnight in the presence of proteinase K (0.1 mg/ml) at 37TC. The 
RESULTS
In an initial experiment, we investigated whether the previously described developmental cell death in the retina of wild-type mice (27) involves apoptosis. The TUNEL method specifically labeled individual apoptotic nuclei in the ganglion, inner nuclear, and photoreceptor cell layers of the retina during the first 2 weeks of development but not during adulthood (Fig. 1B vs. Fig. 1C ). TUNEL-positive cells always appeared surrounded by unstained cells, and there were no indications of aggregation of apoptotic cells into multicellular clusters. Comparative analysis of retinas at different stages of development showed distinct temporal patterns ofTUNEL labeling in the three cell layers ( Fig. 2A) , which correlated well with the patterns of pyknotic nuclei described previously by conventional histological techniques (27) . We also observed the electrophoretic ladder characteristic of apoptosis when DNA isolated from postnatal day 10 (P10) control retinas, at the peak of TUNEL labeling, was resolved on a 1.1% agarose gel, blotted, and probed with total mouse DNA (data not shown). In this case, the ladder of bands was at or below the limit of detection by ethidium bromide staining.
To determine whether apoptotic cell death occurs in genetically determined retinal degenerations, we studied three different mouse models of RP. In rd/rd mice, rod photoreceptor degeneration begins during the second postnatal week and causes a rapid loss of photoreceptors that is essentially complete by the end of the first month of postnatal life (11) . During the first 12 postnatal days, the time course of appearance of TUNEL-labeled cells in the three nuclear layers in the rd/rd retina resembled that seen in wild-type mice (see above). During the third week of postnatal life, however, the rd/rd retina showed a dramatic increase in cell death that was confined to the photoreceptor layer (Fig. 2B) . This is illustrated in Fig. 1D , which shows the retina ofa P15 rd/rd mouse 5 days after the onset of rapid photoreceptor degeneration (11) . As in the normal developing retina, and in the other retinal degeneration mouse models described below, no indications of aggregation of TUNEL-positive cells were observed. There was no increase in the number of apoptotic cells in other layers of the retina compared to the normal controls (Fig. 2B ), in agreement with the previously reported specificity of photoreceptor degeneration in the rd/rd mouse (11) . TUNEL analysis of retinas from adult rd/rd mice, obtained after degeneration of the rod photoreceptors was complete, showed only occasional labeled nuclei. Upon electrophoresis in a 1.9%o agarose gel and ethidium bromide staining, a ladder of fragments at intervals of [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] bp was seen with DNA samples from the retinas of P15 rd/rd mice (Fig. 3A) , but not from P19 wild-type mice (Fig. 3C) or P30 rd/rd mice (Fig. 3B) .
In rds/rds mice, photoreceptor degeneration begins after the second week of postnatal development and continues at a slow rate until all rod photoreceptors are lost at approximately 1 year of age (10) . Using the TUNEL method we observed 10-20 labeled photoreceptor nuclei per 4-pm-thick retina section during the third week of postnatal development (Figs. 1F and 2C ). The peak of photoreceptor degeneration was significantly higher than that in age-matched control retinas, where very few labeled cells were seen, but was not as great as that for the rd/rd mice (compare Fig. 2 B and C) . In 4-, 6-, and 8-week-old rds/rds animals, we observed between 5 and 10 labeled photoreceptor nuclei per section, as Neurobiology: Portera-Cailliau et al. compared to none in age-matched retinas of control or rd/rd mice. No labeled cells were observed in other cell layers in the retina in any of the older rds/rds animals (Fig. 2C) . By ethidium bromide staining, a DNA ladder was observed in samples from rds/rds retinas obtained at P17 retinas (Fig.  3C) , as well as at P15 and P16 (data not shown).
As a third model of RP, we investigated several lines of transgenic mice carrying a mouse rhodopsin gene with a Q344ter mutation, a mutation in the human rhodopsin gene associated with autosomal dominant RP (4). In three independent transgenic lines, the rod photoreceptors degenerate during the first several months of postnatal life, with some variability among littermates in the time course of photoreceptor loss as determined by conventional histologic methods (C.-H.S. and J. N., unpublished data). In these three lines, the ratio of transcripts derived from the transgene to those derived from the endogenous rhodopsin gene are 0.8, 1.3, and 1.5 as determined by a quantitative reverse transcriptase/ PCR assay. Immunostaining with an antibody specific for the Q344ter rhodopsin shows that the Q344ter protein accumulates exclusively in the photoreceptor layer in each of the lines (C.-H.S. and J. N., unpublished data). To quantitate the level of apoptotic cell death, we determined the number of TUNEL-labeled nuclei in four transgenic littermates at P19 and in a single transgenic animal at P14. Both control and transgenic retinas showed a similar low number of labeled nuclei in the inner nuclear and ganglion cell layers at P14 and P19. However, the transgenic retinas showed a large excess oflabeled nuclei in the photoreceptorlayer (Figs. lEand 2D) . A similar excess of TUNEL-labeled photoreceptors was observed in two littermates from a second transgenic line at P24 (data not shown). The variability in the number of TUNEL-labeled nuclei observed among transgenic littermates is likely to reflect the variability in the time course of photoreceptor loss noted above. The apoptotic nature of the photoreceptor death in these transgenic animals was confirmed by the presence of a DNA ladder upon agarose gel electrophoresis and ethidium bromide staining of DNA samples from P19 retinas (Fig. 3B) .
DISCUSSION
Apoptotic Cell Death During Retinal Deveopment. The most detailed description of developmental neuronal death in the mouse retina was provided by Young (27) , who quantitated the frequency of pyknotic nuclei in various retinal layers during the first weeks of postnatal life. He observed pyknotic nuclei not only in the ganglion cell layer, where developmental neuronal death has been well documented in several species (28) , but also in the inner nuclear and the photoreceptor cell layers. In the latter, a peak of cell death was observed around P7-P8; a few pyknotic nuclei could be developmental cell death occurs through an apoptotic mechanism in all layers of the retina, including the photoreceptor layer.
Apoptotic Cell Death in Mouse Models of RP. The principal result of this study is that photoreceptor cell death occurs through an apoptotic mechanism in three different mouse models of genetically determined retinal degeneration. In all three cases, the appearance of large numbers of TUNELpositive cells began and/or extended beyond the stage at which developmental neuronal death reaches a peak in normal animals and was restricted to the photoreceptor layer. The apoptotic nature of cell death in these retinal degeneration mouse models is supported by two lines ofexperimental evidence. Internucleosomal DNA fragmentation was observed by agarose gel electrophoresis as described for apoptotic cell death in other tissues (23, 24) . TUNEL-positive cells were scattered throughout the retina and were not clustered in large patches, as would be the case if cell death occurred through a necrotic mechanism in these animals (23) . It is known that apoptotic cells are quickly removed through phagocytosis by neighboring cells in the same tissue (23) , and this may explain the apparent lack of accumulation of TUNEL-positive cells in retinas examined at increasingly longer times after the onset of degeneration. These observations support the hypothesis that photoreceptor cells have an intrinsic death program that is tightly controlled under normal circumstances (17) The mechanisms through which the mutations studied in our experiments cause an activation of the apoptotic program remain to be elucidated. Uncertainties include the degree to which similar molecular mechanisms operate in the three models of retinal degeneration and in normal embryonic development. In any event, our results suggest the possibility that photoreceptor degenerations of genetic origin could be slowed by interfering with the apoptotic mechanism itself, even if the mutant genes remain within the cells (29, 30) . Because the degenerative changes in RP occur over decades, even modest decreases in the rate of cell death could significantly increase the number of years of useful vision. This could be particularly important in those cases in which the primary molecular defect is confined to rod photoreceptors and a cone degeneration occurs as an apparent secondary response to the loss of rods. Treatments that interfere with the apoptotic mechanism could therefore have important implications for the design of therapeutic strategies for human RP and related blinding disorders, for which no treatments are currently available.
Note added in proof. After submission of this manuscript, Chang et al. (31) reported patterns of apoptotic photoreceptor cell death in mouse models of retinitis pigmentosa similar to those reported here.
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